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Abstract: In this study, biomass-based ethyl levulinate (EL) was evaluated as an additional fuel to biodiesel and diesel. Physical and chemical properties, including intersolubility, cold flow properties, spray evaporation, oxidation stability, anti-corrosive property, cleanliness, fire reliability and heating value of twelve different EL-biodiesel-diesel blends were analyzed. The results show that the fuel blends that were in line with China’s national standard for biodiesel blend fuel (B5) have similar physical and chemical properties to pure diesel with improved cold flow properties. Optimized fuel blends based on grey relational analysis and analytic hierarchy process were selected to evaluate engine performance and emissions using an unmodified diesel engine test bench. The results show that engine power and torque with the fuel blends were in general similar to those with diesel (less than 3% differences). Both brake specific fuel and energy consumption were lower with the fuel blends than with diesel, suggesting higher fuel conversion efficiencies for the fuel blends. Hydrocarbon (HC) and carbon monoxide (CO) emissions and smoke opacity reduced significantly with the fuel blends compared with diesel while nitrogen oxides (NOx) and carbon dioxide (CO2) emissions increased. Our study suggests that EL produced from lignocellulosic biomass could be used as a blending component with biodiesel and diesel for use in unmodified diesel engines and could potentially be a promising environment-friendly fuel.
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1.	Introduction
The depletion of fossil fuel resources, global climate change and local environmental degradation associated with the production and consumption of fossil fuels are among the most significant challenges facing the world. Energy security is also of great concern for many countries. China’s transport sector is a perfect example of the scale of these challenges and concerns. Its demand for oil has been rising steadily along with the rapidly-increasing vehicle numbers in recent decades [1]. As a result, China is currently the second-largest oil consumer (after the US) and the largest oil importer [2] . Its dependence on imported oil grew from 32% in 2000 to 58% in 2013 [3] and is projected to reach 80% in 2030 [1]. China is also the world’s largest greenhouse gas (GHG) emitter and its transport sector is among the fastest-growing sources of GHG emissions [4]. In addition, emissions from road vehicles are becoming major contributors to urban air pollution, which is one of China’s most pressing environmental problems [1]. 
The Chinese government has made great efforts to respond to these challenges. For example, biofuels such as ethanol and biodiesel are promoted in China as alternatives to petroleum-based fuels []. Biodiesel can be produced from oil crops and various waste materials and is a promising fuel for existing diesel engines without expensive modifications [5-7]. It could also potentially reduce the emissions of GHG and some criteria pollutants [8-10]. However, there is currently only a small amount of biodiesel produced in China mainly from used cooking oil and the potential for future production from vegetable oils is likely to be rather limited with concerns over food security and impacts from potential land-use change [11]. There are also technical barriers to the use of biodiesel in cold climates such as its higher viscosity and pour point and lower volatility compared with diesel [12].         
Ethyl levulinate (EL), one of the levulinate esters with an oxygen content of 33%, has recently been gaining attention as a potential oxygenated additive for diesel and bio-based cold flow improver for biodiesel [13,14]. It was reported that a blend of 20% EL and 79% petroleum diesel with 1% co-additive had a 6.9% oxygen content, and was significantly cleaner-burning than diesel [15]. The blend had high lubricity and low sulfur content, and met all the diesel fuel specifications required by ASTM D-975. Researchers have also analyzed the distillation curves of EL–diesel blends and fatty acid–levulinate ester biodiesel blends and investigated the cloud points, pour points and cold-filter-plugging points of blends of biodiesel produced from cottonseed oil and poultry fat with EL contents of 2.5, 5, 10, and 20 vol% [16,17].
EL is an industrially important derivative of levulinic acid, made by esterifying its carboxylic group with fuel-grade ethanol [18]. Various biomass feedstocks, including starch and sugar crops and cellulosic biomass, have been used to produce levulinic acid [19,20] and ethanol [21,22]. The US Biofine process, for example, can convert approximately 50% of the mass of six-carbon sugars to levulinic acid, with 20% being converted to formic acid and 30% to tars [23]. This process can make EL available at low production costs. Agricultural residues such as wheat straw can also be used as potential raw materials for the production of ethyl levulinate by direct conversion in an ethanol media [24]. The production of EL from cellulosic feedstocks is considered to be sustainable [25].
China is a major agricultural country with 600-800 million tonnes of crop straw produced every year [26]. Forestry residue is also an important biomass feedstock in China due to its vast forest base [27]. Although China has abundant crop straw, it suffers from a significant waste of this potential energy resource resulted from crop straw being discarded or burnt directly in the field and the associated adverse environmental impacts. Therefore, use of these lignocellulosic biomass resources for the production of liquid fuels such as EL could be highly beneficial for enhancing oil security, alleviating the pressure from the demand for fossil energy and resource, reducing environmental pollution, and developing the rural economy. 
Most studies on diesel oxygenated additives focus on biodiesel and most of them have found that biodiesel addition can have little effect on or reduce engine performance, lower HC, CO and particular matter emissions while having higher NOx emissions [28,29]. In China, the performance and exhaust emissions of EL as an additive to the conventional diesel fuel has been studied in a horizontal single-cylinder four stroke diesel engine, with EL percentages at 5%, 10%, 15% (with 2% n-butanol) and 20% (with 5% n-butanol) [30]. These studies show that available commercial diesel engine can run on EL-diesel blends with up to 20% EL without the need for modification. The emission tests under optimal engine operation conditions (engine speed of 1200 rpm and engine power of 5.3 kW for this particular engine) suggest that HC emissions of EL-diesel blends (except for the 20% EL blend) are higher than that of diesel while having a generally decreasing trend with increasing EL content. CO and NOx emissions had an opposite trend, with low-level blend such as 5% EL blend lower than diesel but increasing with increasing EL content. Smoke opacity of the EL-diesel blends was consistently lower than diesel with a decreasing trend with increasing EL content.    
Although China’s national standard for biodiesel blend fuel B5 (GB/T25199-2010) [31] has been established, there are no standards for or studies on biodiesel blends containing EL. In this study, EL will be assessed as an addition fuel component to biodiesel and diesel. Physical and chemical properties, including intersolubility, cold flow properties, spray evaporation, oxidation stability, anti-corrosive property, cleanliness, fire reliability and heating value, of twelve different blends of EL-biodiesel-diesel will be analyzed. The most appropriate fuel blends will then be selected based on these properties to evaluate engine performance and emissions using an unmodified diesel engine test bench. The overarching aim is to provide scientific evidence for the promotion of biomass-based EL as a renewable fuel in China.

2. Experiment material and methods
2.1 Experiment material 
Diesel (0#) was obtained from the Henan Branch (in Zhengzhou, China) of China Petroleum and Chemical Corporation. EL (>99.9 wt %) was purchased from Shanghai Zhuorui Chemical Industry Co. Ltd (in Shanghai, China). Biodiesel was purchased from Zhengzhou Qiaolian Bio-Energy Co. Ltd (in Zhengzhou, China). 
The fuel blends in this paper are labelled as BxEx, where B represents biodiesel, E represents EL, x represents the volume percentages of biodiesel or EL the in fuel blends. For example, B1E4 represents a fuel blend that contains 1% biodiesel, 4% EL and 95% diesel by volume. According to China’s national standard, biodiesel fuel blends should contain 2%-5% vol of biofuel and 95%-98% vol of diesel [31]. Therefore, twelve different fuel blends that conform to this standard, including B0E2, B0E3, B0E4, B1E4, B2E3, B2.5E2.5, B3E2, B4E1, B5E0, B4E0, B3E0 and B2E0, were prepared by blending different volumes of biodiesel, and EL with diesel.  
2.2 Experiment methods
Physical and chemical properties of different EL-biodiesel-diesel blends were studied based on the vehicle diesel test methods in China’s national standard for biodiesel fuel blend (B5) [31]. A detailed list of the properties tested and the methods used are shown in Table 1. Fuel blends that were not up to the standard were disregarded. The qualified fuel blends were then optimized using grey relational analysis (GRA) and analytic hierarchy process (AHP). Experimental investigations were conducted to evaluate and compare the engine performance and exhaust emissions of the optimized fuel blends in a horizontal single-cylinder four stroke diesel engine. The following parameters were measured: torque, power, brake-specific fuel consumption (BSFC), emissions of unburned hydrocarbon (HC), nitrogen oxides (NOx), carbon monoxide (CO) and carbon dioxide (CO2), and smoke opacity. Fig. 1 provides an overview of the experimental and analytical methods for the assessment of the fuel blends.


Table 1. Test methods for physical and chemical properties of the fuel blends.
Property	Std. limits	Test methods (China National Standards and Codes GB/T25199-2010)
Cold filter plugging point (​http:​/​​/​www.iciba.com​/​cold_filter_plugging_point​) / oC	Max 4	SH/T 0248: Diesel and domestic heating fuels-determination of cold filter plugging point [32]
Solidification point / oC	Max 0	GB 510:Petroleum products –determination of solidification point [33]
Distillation:50% distillation temperature / oC90% distillation temperature / oC95% distillation temperature / oC	Max 300Max 355Max 365	GB/T 6536:Petroleum products- determination of distillation at atmospheric pressure [34]
Kinematic viscosity (​http:​/​​/​www.iciba.com​/​kinematic_viscosity​) (20 oC) /(mm2/s)	3.0-8.0	GB 265: Petroleum products –determination of kinematic viscosity and calculation of dynamic viscosity [35]
Density (20 oC) /(g/cm3)	0.81-0.85	GB/T 1884: Crude petroleum and liquid petroleum products-laboratory determination of density(hydrometer method) [36]
Closed-cup flash point / oC	Min 55	GB/T 261:Determination of flash point-Pensky-Martens closed cup method [37]
Oxidation stability, total soluble matter /(mg/100ml)	Max 2.5	SH/T 0175: Standard test method for oxidation stability of distillate fuel oil (accelerated method) [38]
Cetane index	Min 49	GB 11139: Distillate fuels-calculation of cetane index [39]
Acid number /(mg KOH/g)	Max 0.09	GB 264: Petroleum products –determination of acid number [40]
Sulfur content /wt%	Max 0.035	GB 380: Petroleum products –determination of sulfur (lamp method) [41]
Copper corrosiveness (50oC, 3h)/ Degree	Max 1	GB 5096: Petroleum products –corrosiveness to copper-copper strip test [42]
Water content /wt%	Max 0.035	GB 260: Petroleum products –determination of water [43]
Mechanical admixtures	No	GB/T 511:Petroleum, petroleum products and additives-method for determination of mechanical admixtures [44]
Ash content /wt%	Max 0.01	GB 508: Petroleum products –determination of ash [45]
10% carbon residue /wt%	Max 0.3	GB 268: Petroleum products –determination of carbon residue (Conradson method) [46]
Heating value / (MJ/kg) 	-	GB384:Petroleum products- determination of heat of combustion [47]




3. Properties of fuel blends
Good intersolubility is beneficial to fuel blend storage and combustion and was tested first. The fuel blends were enclosed in reagent bottle (​http:​/​​/​dict.cn​/​reagent%20bottle​)s and put into a temperature test chamber (EL-04KA from Espec company, China). Phase separation and cloudiness were not observed in these blends for more than 72h at 4 ºC, 10 ºC, 15 ºC, 20 ºC, 25 ºC, and 30 ºC using a temperature programmable controller of the chamber, implying good intersolubility for blends in which the total volume of EL and biodiesel was no more than 5%.
Using the test methods listed in Table 1 and experimental apparatus conforming China National Standards and Codes, the physical and chemical properties of the fuel blends were measured and shown in Table 2. The following observations were made in comparison with diesel:
(1) Cold flow property (cold filter plugging point and solidifying point) experiments were conducted on a petroleum product cold filter plugging point apparatus (JSR1604, Jinshi, China) with the lowest measurement being -45 oC. Cold flow property results show that CFPP of most fuel blends was reduced (i.e., improved), with three of them reduced by 4 oC. SP of the fuel blends was reduced when EL or both EL and biodiesel were added to diesel.
(2) Spray evaporation (distillation) experiments were conducted on a petroleum product distillation apparatus (JSR1008B, Jinshi, China) with a maximum distillation temperature measurement of 500 oC. Spray evaporation (SE) results show that the addition of biodiesel increased the distillation temperatures slightly for some fuel blends while the addition of EL had little effect on distillation temperatures. Kinematic viscosity experiments were conducted on a petroleum product kinematic viscosity apparatus (JSR1104, Jinshi, China) with a range of 0.5 mm2/s to 10 mm2/s at 20 oC. Kinematic viscosity (KV) of the fuel blends was generally reduced, especially when more EL was added. The closed cup flash points experiments were conducted on a petroleum product closed cup flash points apparatus (JSR2901, Jinshi, China) with a minimum CCFP measurement of 25 oC. The closed cup flash points (CCFP) of the fuel blends remained unchanged in general.
(3) Oxidation stability (OS) results show that total soluble matter (TSM) of biodiesel was far higher than diesel and EL. Total soluble matter experiments were conducted on a petroleum product kinematic viscosity apparatus (JSR0502, Jinshi, China) with a range of 0.1 mg/100ml to 10 mg/100ml. TSM of the fuel blends was increased with increasing biodiesel contents. All fuel blends qualified for the national standard because of the small proportions of biodiesel.
(4) Fire reliability (FR) results show that the cetane index (CI) of biodiesel was higher than that of diesel and notably higher than that of EL. CI was calculated by density and 50% volume fraction, according to GB/T1884 and GB/T 6536. The CI of all fuel blends was generally similar to that of diesel, with CI of fuel blends containing higher volumes of biodiesel (e.g., B5E0 and B4E1) slightly higher and CI of fuel blends containing higher volumes of EL (e.g., B1E4) lower.
(5) Acid number experiments were conducted on a petroleum product acid number apparatus (JSH3901, Jinshi, China) with a range of 0.01mg KOH/g to 5 mg KOH/g. Anti-corrosive property (ACP) results show that the acid number (AN) of fuel blends containing EL only all conformed to the requirements of the standard. AN of fuel blends was increased with increasing biodiesel proportions, exceeding the limits of the standard when biodiesel proportion reached 4%. The sulphur content experiments were conducted on a petroleum product sulphur content apparatus (JSR3901, Jinshi, China) with five tubes. Sulphur content (SC) of fuel blends was reduced slightly with the addition of EL. The copper corrosion of fuel blends experiments were conducted on the petroleum product copper corrosion apparatus (FDR-1141, Changsha, China) with a range of no corrosion to 4c degree. Copper corrosiveness (CC) of fuel blends was increased with increasing biodiesel proportions, exceeding the limits of the standard when biodiesel proportion reached 5%. CC value was not increased with increasing EL content.
(6) Water content, ash content, mechanical admixtures and carbon residue experiments were conducted on the petroleum product apparatus (JSR3302, JSR4301, JSR4201 and JSR3501). Cleanliness results show that water content (WC) of fuel blends was less than trace and there were no mechanical admixtures. Ash content (AC), mechanical admixtures (MA) and carbon residue (CR) conformed to the requirements of the standard.
(7) Heating values experiments were conducted on an automatic heating value tester (5E-KCIII, Changsha, China) with a range of 14 MJ/kg to 50 MJ/kg. Heating value (HV) results show that lower heating values (LHV) of all fuel blends were greater than 42.0 MJ/kg.
(8) Non-diesel ratio (NDR) results show that there were more biofuels in the fuel blends when adding more ethyl levulinate or biodiesel.
Three fuel blends did not meet the national standard: B4E1 (in terms of AN), B5E0 (in terms of AN and TSM) and B4E0 (in terms of AN). Therefore, nine qualified fuel blends were selected: B2E0, B3E0, B3E2, B2.5E2.5, B2E3, B1E4, B0E4, B0E3 and B0E2.


Table 2. Physical and chemical properties of the fuel blends.
		B2E0	B3E0	B4E0	B5E0	B4E1	B3E2	B2.5E2.5	B2E3	B1E4	B0E4	B0E3	B0E2	Diesel 	Biodiesel 	Ethyl levulinate	Factor grade
Cold flow properties	Cold filter plugging point / oC	-2	-2	-2	-2	-3	-4	-4	-4	-4	-4	-4	-4	-3	1	<45	↓a
	Solidification point / oC	-10	-10	-11	-10	-10	-13	-13	-13	-14	-11	-10	-10	-8	-1	<45	↓a
Spray evaporation	Distillation(50%) /oCDistillation(90%) /oCDistillation(95%) /oC	272	273	265	273	272	272	265	268	268	271	265	265	267	328	202	↓a
		342	343	336	343	342	339	336	338	338	338	335	335	338	332	205	↓a
		354	354	350	354	354	354	350	353	351	354	351	351	351	355	208	↓a
	Kinematic viscosity (20 oC) /(mm2/s)	4.25	4.28	3.88	4.28	4.25	4.13	3.88	4.06	3.43	4.08	4.02	4.17	4.21	6.84	2.15	↓a
	Density (20 oC) /(g/cm3)	0.839	0.840	0.846	0.840	0.839	0.843	0.846	0.845	0.847	0.844	0.844	0.842	0.839	0.873	1.013	↓a
	Closed cup flash point / oC	57	57	57	57	57	59	57	59	59	58	57	57	57	77	88	↑b
Oxidation stability	Total soluble matter/(mg/100ml)	1.43	1.91	0.78	1.91	1.43	1.90	1.70	1.41	1.11	0.78	0.79	0.79	0.80	4	0.1	↓a
Fire reliability	Cetane number	52.8	52.9	49.3	52.9	52.8	51.6	51.4	50.2	50.5	49.3	50.1	49.1	52	52.6	<20	↑b
Anti-corrosive property	Acid number /(mg KOH/g)	0.0712	0.0808	0.0907	0.1181	0.0923	0.0881	0.0872	0.0863	0.0712	0.0762	0.0846	0.0661	0.0559	0.9300	0.1648	↓a
	Sulphur content /wt%	0.035	0.035	0.032	0.035	0.035	0.034	0.034	0.033	0.033	0.032	0.034	0.034	0.035	0.030	0	↓a





Heating value	Low heating value/ (MJ/kg)	43.1	42.2	42.5	43.1	43.1	42.8	42.7	42.6	43.1	42.5	42.7	42.8	43.2	40	24.8	↑b
Non-diesel ratio	Ethyl levulinate or biodiesel volume ratio	2	3	4	5	5	5	5	5	5	4	3	2	0	100	100	↑b
a The smaller the value, the better the properties: CFPP (​http:​/​​/​www.iciba.com​/​cold_filter_plugging_point​), SP, Distillation, KV (​http:​/​​/​www.iciba.com​/​kinematic_viscosity​), Density, TSM, AN,SC,CC, WC, MA, AC, CR.





4. Optimization of fuel blends 
Compared to diesel, fuel blends with EL and biodiesel are better in terms of cold flow properties, spray evaporation, oxidation stability, anti-corrosive property and cleanliness, and are similar in terms of fire reliability and heating value. The properties of the fuel blends showed that they were compatible with existing diesel engines. However, in order to limit the number of fuel blends for experimental tests, the best options are selected by conducting a comprehensive analysis with multiple targets.

4.1 Optimization methods
In this study, nine qualified fuel blends identified in Section 3 will be optimized using grey relational analysis (GRA) and analytic hierarchy process (AHP). A grey system is a system in which part of information is known and part of information is unknown. GRA is one of the most important aspects of grey system theory and is based on the measurement of the degree of similarity or difference among sequences of data. The purpose of GRA is to explore the qualitative and quantitative relationships among the main system factors, to capture their dynamic characteristics during the development process and to measure the relative influences of the sequences for comparison on the reference sequence [48, 49]. Analytic Hierarchy Process (AHP) is an analytical method to resolve multi-objective problems. By using it the evaluation process of a complex system can be turned into a mathematic model by which the choice of the optimal decision is offered through decomposing the complex problem into hierarchies and factors and making comparison, judgement and calculations between different factors of the same hierarchy. It is able to include qualitative and quantitative factors so that both qualitative analysis and quantitative evaluation can be done in the same model [50].

4.2 Establishment of the multi-objective optimization model
A GRA and AHP based evaluation model was established with factors including cold flow properties, spray evaporation (SE), oxidation stability (OS), anti-corrosive property (ACP), cleanliness, fire reliability (FR) and heating value (HV). This evaluation model is schematically shown in Fig. 3. After the AHP model is set up, data will be dealt with and calculated by GRA. Fuel blends are expressed as F=｛F1,F2,……,Fn｝. Targeted set of factors are expressed as S=｛x1,x2,……,xm｝. Targeted set of factors for each fuel blend are therefore Fj=｛x1j,x2j,……,xmj｝T, (j=1,2,……,n). Factor i of the fuel blend j is expressed as, and m factors of n fuel blends are expressed as the matrix: 
                             (1)

4.2.1 Standardized treatment 
Because the dimension and units of the factors are different, the differences between the numerical values of different factors are relatively significant. The factors are therefore standardized and transformed into values in the range [0,1] in order to make the analysis comparable. Standardization is performed using the following two equations for different factors: 
                                                                 (2) 
                           (3)
Where, equation (2) is used for factors that are better with higher values (e.g., CCFP) and equation (3) is used for factors that are better with lower values (e.g., AN).  
4.2.2 Gray relation coefficient calculation
The evaluation factors after standardization are expressed as Rj=(r1j,r2j,…rmj)T, with the optimal factor being R0=(r10,r20,…rm0)T =(1,1,…1)T. The multilayer grey relational coefficient is expressed as 
						(4)
where the distinguishing coefficient is=0.5 (usually).
The matrix F (m factors of n fuel blends) is then transformed into the multilayer gray relation matrix U:
                                         (5)
4.2.3 Quantification of qualitative factors 
Qualitative factors were quantified and classified into one of the five values shown in Table 3. 

Table 3.Quantitative values assigned to qualitative factors.
	Very good	Good	Neutral	Bad	Very bad
The larger the better(↑)	0.9	0.7	0.5	0.3	0.1
The smaller the better(↓)	0.1	0.3	0.5	0.7	0.9

4.2.4 Weight vector determination and coherence test
   The weight vector   was determined using the analytical method of a judgment matrix. The secular equation of judgment matrix A was expressed as, where λ is the eigenvalue of A and X is the eigenvector of A.
   The eigenvector belonging to the largest eigenvalue is expressed as, which is normalized by the weight vector by comparing factors of the same hierarchy with those of the last hierarchy. The weight vector is expressed as W, with Wi representing the weight of each factor. Summation is the method used most commonly to calculate the eigenvector.
 (1) Method of summation
For a coherent judgement matrix, the weight vector can be obtained after normalization of each column. For a non-coherent judgement matrix, approximate weight vector can be obtained after normalization of each column. Summation is a method to derive the weight vector by calculating the arithmetic means of the n column vector . Wi is expressed as: 
,=1,2, ...,n                  (6) 
Wi was obtained using the following steps: i) factors in each column of matrix A were normalized; ii) the normalized factors of each column were summed; iii) weight vector was obtained by dividing the vector resulted from step ii) by n.
(2) Coherence test
Coherence test needs to be done in order to ensure the comparative results are not in conflict and the AHP result is meaningful.
First , coherence index C.I is calculated as:
	            	        (7) 
where .
Second, the coherence ratio C.R is calculated as
  								(8)
where R.I is the average random coherence index and is calculated based on enough random matrix samples. Values for R.I are shown in Table 4. Usually, when C.R<0.1, the result for the hierarchy is considered to be coherent and the AHP result is valid. Otherwise, the factors of the judgement matrix need to be adjusted.






4.2.5 Comprehensive evaluation by GRA and AHP 
,						 		(9)
where B=(b1, b1,…bn) is the evaluation result matrix for n blends;  is the matrix of weight vectors, and  is the matrix of relational coefficients.
4.3 Optimization results 
Using GRA and AHP, nine fuel blends were analyzed and the results are shown in Table 5. The ranking order of the fuel blends based on the comprehensive evaluation is B1E4＞B2E3＞B3E2＞B2.5E2.5＞B0E4＞B0E3＞B0E2＞B2E0＞B3E0. The top four blends, B1E4, B3E2, B2E3 and B2.5E2.5, were selected to undertake performance and emissions experiments on a diesel engine.


Table 5. Evaluation results for the fuel blends based on GRA and AHP
Hierarchy	BlendIndex 	B2E0	B3E0	B3E2	B2.5E2.5	B2E3	B1E4	B0E4	B0E3	B0E2























	Anti-corrosive property	0.67 	0.59 	0.59 	0.59 	0.65 	0.66 	0.84 	0.70 	0.81 






5. Engine performance and emissions of fuel blends 
5.1 Experimental apparatus for engine performance and emissions
A horizontal, single-cylinder, four-stroke diesel engine (see Table 6 for specifications) was used for fuel blends performance and emissions tests. Engine torque and power were measured by an eddy current dynamometer (DW25, Chengbang, China) with a maximum torque of 120 N•m (accuracy of ±0.5 N•m) and a maximum power of 25 kW (accuracy of ±0.1 kW). Engine speed and fuel consumption were measured by a tachometer (accuracy of ±1 rpm) and an intelligent digital fuel consumption meter (ET2500, accuracy of ±8 g·h−1), respectively. During the tests, all performance measurements and control parameters were collected by a computer using an ET2000 intelligent measurement and control system (Chengbang, China). The emission measurement system consists of 3 analyzers: a Testo360 gas analyzer (Germany) for CO2 and NOx, a FGA-4100 gas analyzer (China) for HC and CO and a FTY-100 smoke opacity analyzer (China) for the light absorption coefficient (k). The measurement ranges and accuracies for different emissions were as follows: CO2: 0-20%, ±1.5%; NOx: 0-1000 ppm, ±3.8%; HC: 0-10000 ppm, ±6%; CO: 0-9.99%, ±0.06%; and k: 0-16 m−1, ±2.0%. The complete apparatus used is shown in Fig. 4. Following Vallinayagam et al [51], total experimental uncertainty was calculated to be 9.01% as the square root of [(uncertainty of torque)2 + (uncertainty of power)2 + (uncertainty of speed)2 + (uncertainty of BSFC)2 + (uncertainty of HC)2 + (uncertainty of NOx)2 + (uncertainty of CO2)2 + (uncertainty of CO)2 + (uncertainty of smoke)2].





Bore × stroke (mm)	110 × 115
Displacement (L)	1.093
Compression ratio	17:1
Max power (kW)	14.7 (at 1800 rpm)
Max torque (Nm)	71.5 (at 1000 rpm)
Max speed (rpm)	2200
Cooling 	Water cooling system
Lubrication 	Combined pressure and splashing

All tests were performed at full-load conditions and the engine speed was varied between 1000 and 1600 rpm with intervals of 200 rpm. At each operating condition, the gaseous emissions and smoke readings were measured after the engine ran for at least 3 minutes and the operating parameters were stabilized. The steady-state tests were repeated twice and each reading was replicated three times to obtain a mean value. Tests were first conducted with diesel fuel to obtain the reference data for comparisons and the four selected fuel blends (B1E4, B3E2, B2E3, B2.5E2.5) were then tested. After testing each fuel, the engine was operated for at least 30 minutes to make sure the fuel left in the fuel system was completely consumed before the tests for the next fuel began. The results from the tests are discussed in the next session. 

5.2 Effects of fuel blends on engine performance
The engine power and torque results for the fuel blends and pure diesel fuel are shown in Figs. 5 and 6, respectively. Rated maximum power and torque of the engine used were at 1800 rpm and 1000 rpm, respectively. Therefore, engine power increased and torque decreased consistently for all fuels over the engine speed range tested. Engine power and torque with the fuel blends were in some cases slightly higher and in general similar to those with diesel (less than 3% differences), in agreement with previous studies on biodiesel-diesel blends [52-55]. There was also a slightly-decreasing trend for both power and torque when the biodiesel volume was increased while the EL volume was reduced in the fuel blends. This is in agreement with reported decreases in power and torque for biodiesel-diesel blends compared with diesel in the literature [28,56]. The reasons for the slight improvements in power and torque with increasing EL volume need further study. 
BSFC for all fuels increased with increasing engine speeds (see Fig. 7). Similar results have been observed in other studies where BSFC was minimum around engine speeds at which maximum torque were obtained and then increases with engine speed [6,57]. The main reason for this was considered to be the rapid increases in friction power at higher speeds, leading to slower increases in power than in fuel consumption [6].  








Table 7. Exhaust gas temperature for diesel and the fuel blends at different engine speeds
































5.3 Effects of fuel blends on emissions
The measured engine-out emissions for different fuels are compared in Figs. 9-13. HC emissions for the four fuel blends increased with increasing biodiesel content and decreasing EL content but were all consistently lower than those for diesel at all engine speeds (see Fig. 9). The average decreases in HC emissions compared with diesel fuel ranged from 9.6% for B3E2 to 92.0% for B1E4. CO emissions for all fuel blends were lower than diesel across the engine speed range except for B3E2. On average, CO emissions were 22% 16% and 26% lower than that of diesel for B1E4, B2E3 and B2.5E2.5 while 11% higher for B3E2.
The decrease in HC emission is because of better combustion of fuel blends inside the combustion chamber due to the availability of oxygen in biodiesel and EL [62]. There were also similar findings where HC emission reduces when biodiesel-diesel blends were used instead of diesel [63, 64]. One of the reasons for the reduction in CO emission with fuel blend may be the significantly lower C/H ratio and higher oxygen content than diesel, which can improve combustion in the cylinder. The reducing trends are in agreement with previous studies [61, 65, 66]. There is no clear reason for the higher CO emission for B3E2 but this could be due to uncertainties in the stability of engine operation at these maximum load conditions and/or potential inaccuracies in measurements.   
The changes in the NOx emissions with the fuel blends as compared to diesel are shown in Fig. 11. It can be seen that NOx emissions decreased with increasing engine speeds. Similar trends were reported elsewhere [67, 68]. A possible reason could be that the duration of combustion at peak temperature reduces at higher speeds which might decrease the tendency for NOx formation. NOx emissions with the fuel blends were either similar to or higher than those with diesel. The average increases in NOx emissions compared to diesel were 18.5% and 6.8% with the fuel blends B2E3 and B3E2, respectively. However, NOx emissions for B1E4 and B2.5E2.5 were similar to or in some cases even slightly lower than those with diesel. There are three primary sources of NOx in the combustion process: thermal NOx, fuel NOx and prompt NOx. Thermal NOx formation was recognized as the most relevant source from engine combustion processes [69]. With higher combustion efficiency and hence higher maximum temperature during combustion than diesel, the fuel blends could provide more favourable conditions for NOx formation. Similar results were reported in the literature [56, 61, 70, 71]. In addition, lower cetane number of the fuel blends could be another possible reason for higher NOx emissions than diesel [28]. For example, the high NOx emissions of B2E3 might be partly due to its lowest cetane number in the test fuels. However, the reductions in cetane number for the fuel blends compared with diesel were rather small and their effects on NOx emissions might be limited. Similar or slightly lower NOx emissions for B1E4 and B2.5E2.5 compared with diesel echoes previous tests on EL-diesel blends where NOx emissions for some EL-diesel blends were found to be lower than diesel, especially at high engine power conditions [30]. One possible reason for this is the higher latent heat of evaporation for EL (307 kJ/kg) than diesel (270 kJ/kg) and biodiesel (200 kJ/kg). The cooling effect associated with the high latent heat of evaporation could potentially reduce NOx emissions as shown in study on diesel-biodiesel-ethanol blends [72]. Overall, changes in NOx emissions for fuel blends compared with diesel appear to be inconsistent in our tests here and the complex mechanisms that influence the NOx emissions for EL-biodiesel-diesel need further study.   
CO2 emissions for all fuel blends were higher than those for diesel (see Fig. 12), in agreement with some earlier studies [5, 73,74]. The average increases in CO2 emissions compared to diesel were 41.4%, 31.0%, 24.1% and 10.7% with B1E4, B2E3, B2.5E2.5 and B3E2, respectively. Possible reasons for the higher CO2 emissions observed for the fuel blends could include more complete combustion than diesel and also lower carbon contents of biodiesel (77% [28]) and EL (58% based on its chemical formula C7H12O3)than diesel (86% [28]) as previously reported in the literature [5, 73, 74]. The higher increases in CO2 emissions with increasing EL content might also be due to the much lower carbon content of EL than biodiesel and diesel. 
Smoke opacity of the fuel blends was generally lower than diesel (see Fig. 13). The average decreases in smoke opacity compared to diesel were 53.2%, 32.4%, 15.8% and 3.4% with B1E4, B2E3, B2.5E2.5 and B3E2, respectively. Smoke was generated in fuel-rich areas of the combustion chamber, especially in the fuel-spray core (liquid phase) of the pulverized jet. Oxidant from the additive can lead to more complete combustion of the injected fuels and hence reduced smoke formation [30]. Similar results were reported previously [61,66, 75,76].

7. Conclusions
In this study, EL was evaluated as an additional fuel component to biodiesel and diesel. Physical and chemical properties, including intersolubility, cold flow properties, spray evaporation, oxidation stability, anti-corrosive property, cleanliness, fire reliability and heating value, of twelve different fuel blends with different EL-biodiesel-diesel proportions were analyzed. The results show that the nine fuel blends that were in line with China’s national standard for biodiesel fuel blend (B5) had similar physical and chemical properties to pure diesel with improved cold flow properties. 
The fuel blends were then optimized based on the physical and chemical properties using grey relational analysis and analytic hierarchy process. The most appropriate four fuel blends were selected to evaluate engine performance and emissions using an unmodified diesel engine test bench. The results show that engine power and torque with the fuel blends were in general similar to those with diesel (less than 3% differences). Both brake specific fuel and energy consumption were lower with the fuel blends than with diesel, suggesting higher fuel conversion efficiencies for the fuel blends. In general, the emissions of HC and CO and smoke opacity reduced significantly with the fuel blends compared with diesel while the emissions of NOx and CO2 increased. These results are generally consistent with previous studies on biodiesel-diesel blends.
Our study suggests that EL produced from lignocellulosic biomass could be used as a blending component with biodiesel and diesel for use in unmodified diesel engines. Although EL could potentially be a promising alternative vehicle fuel, further research should be conducted to assess its economic costs and life cycle environmental impacts before large-scale promotion. 
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1) Single-cylinder diesel engine, 2) Cardan shaft, 3) Tachometer, 4) Dynamometer, 5) Test chassis, 6) Fuel container, 7) Fuel consumption meter, 8) Exhaust gas analyzer, 9) Control unit, 10) Exhaust gas analyzing probe






















































Fig.13. Smoke opacity for diesel and the fuel blends at different engine speeds
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